Active Galactic Nuclei (AGN) are believed to be one of the main source candidates for the highenergy (TeV-PeV) cosmic neutrino flux recently discovered by the IceCube neutrino observatory. Nevertheless, several correlation studies between AGN and the cosmic neutrinos detected by IceCube show no significance. Therefore, in this article we consider a specific sub-class of AGN for which an increased neutrino production is expected. This sub-class contains AGN for which their high-energy jet is pointing toward Earth. Furthermore, we impose the condition that the jet is obscured by gas or dust surrounding the AGN.
I. INTRODUCTION
The Ultra-High-Energy Cosmic Ray (UHECR) spectrum has been mapped out by the Pierre Auger Observatory [1] and the Telescope Array [2] collaborations. Nevertheless, the origin of these particles is still unknown. In case of a cosmic accelerator, the produced UHECRs can interact with ambient photons in the acceleration region producing high-energy neutrinos [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Since neutrinos are weakly interacting particles and have no charge, they are able to travel large distances through the universe without being deflected by the (inter)galactic magnetic fields. Therefore, if detected, these neutrinos point back to their production site, giving direct evidence for hadronic acceleration at their source.
The field of neutrino astronomy obtained a boost with the detection of the high-energy astrophysical neutrino flux by the IceCube neutrino observatory [15, 16] . Nevertheless, even though several point-source searches were performed by the IceCube collaboration, no sources have been detected so-far [17] [18] [19] . Different source candidates such as Gamma Ray Bursts (GRBs), Active Galactic Nuclei (AGN), star-forming galaxies, and supernova remnants (SNRs) have been investigated in detail by the IceCube collaboration, putting stringent limits on neutrino production models at these sites [17, 18] . Furthermore, * Electronic address: giuliano.maggi.olmedo@gmail.com † Electronic address: krijndevries@gmail.com ‡ Electronic address: nickve.nl@gmail.com no clear anisotropy in the neutrino arrival directions has been observed [19] . One way to explain these results is to consider different neutrino production models in combination with a relatively high source density, leading to a more diffuse emission over the full sky. In this article we consider a different option by suggesting an up to now unexplored source class. We propose a sub-class of AGN as possible high-energy neutrino emitters. These sources are defined as obscured AGN with their high-energy jet pointing in the direction of Earth [20] . For this specific sub-set of AGN, the jet will be blocked by surrounding dust or gas giving rise to additional neutrino production through the jet-matter interaction in case a hadronic component is accelerated [21] . It should be noted that not only the hadronic component inside the jet is blocked, but also the resulting gamma-ray flux. Hence the considered objects in this article compose a so-called hidden source population for GeV to TeV gamma-rays. Such a population is currently favored by IceCube and Fermi data interpreted in a multi-messenger approach [22] .
We present a method to determine the total column density of the jet-obscuring matter, which allows us to estimate the additional neutrino production. The method is based on the X-ray attenuation as determined from the AGN spectrum. The X-ray attenuation typically reaches over a few orders of magnitude, which, as will be shown in section IV, indicates that the obscuring dust or gas is located at parsec scales from the central engine. A possible explanation for such a component can be given by an orientation of the disc or dust torus covering the AGN jet, which has been considered in several AGN mod-els [23, 24, [26] [27] [28] [29] .
As a first application of the developed method, we investigate two different galaxy catalogs to specify possible obscured flat spectrum radio AGN. The first catalog consists of a sample of galaxies with strong radio emission located in the close universe, from now on referred to as the Nijmegen catalog [30] . The second catalog consists of a sub-sample of the Fermi 2LAC catalog [31] , containing mainly Flat Spectrum Radio Quasars (FSRQ) and BL Lac objects. First a red-shift selection is made to obtain an unbiased set of objects. Subsequently, to assure the high-energy jet is pointing toward us, a selection on the radio spectral index is made. Finally, we apply the method outlined in section IV to specify possible obscured flat spectrum radio AGN. In case a hadronic component is accelerated inside the high-energy AGNjet, these objects are expected to give rise to an increased neutrino production compared to non-obscured AGN.
II. AGN AS POSSIBLE HIGH-ENERGY NEUTRINO SOURCES
Active Galactic Nuclei (AGN) are considered to be the compact core of a galaxy with an extremely massive black hole in its center. Within the unified AGN model [32] , the AGN consists of a sub-parsec scale disc of hot matter falling into the Black Hole, the so-called accretion disc. Further out, at parsec scales, the AGN is composed of a dusty torus surrounding the central Black Hole. Perpendicular to the plane of the accretion disc, many AGN show an outflow of highly relativistic particles which can extend up to several hundreds of parsecs or even kilo-parsec scales, the AGN-jet. It should be noted that where the accretion disc is generally considered perpendicular to the AGN-jet, several models exist where the dust torus can be tilted with respect to the accretion disc [23, 24, [26] [27] [28] [29] .
The separate AGN components have been derived from the observed highly non-thermal AGN Spectral Energy Distributions (SEDs). The spectra are typically characterized by a two 'bump' structure, where the first bump is believed to originate from the synchrotron emission of highly relativistic leptons in the AGN-jet. This emission is typically observed at frequencies in the radio band. The second bump can be shifted up to X-ray or even γ-ray energies. This bump originates from either low energy photons which are up-scattered to higher energies through the inverse Compton process or thermal emission from the hotter parts of the accretion disc. Another very interesting scenario would be the production of γ-rays through pion decay, directly indicating a hadronic component at these sources. Nevertheless, even though several models suggest the presence of some hadronic component, other models are able to explain the AGN spectra through electromagnetic interactions solely [33] [34] [35] [36] .
Detailed studies of the AGN spectra allow to estimate several properties of the AGN such as their magnetic field, which is expected to be of the order of several Tesla up to parsec scales. Through the Hillas criterium, this immediately makes AGN one of the candidate sources for the origin of UHECRs, and hence high-energy cosmic neutrinos [37] .
Source Investigation
The IceCube collaboration has investigated AGN as possible sources of high-energy neutrino emission. The latest results can be found in [17, 18] . However, so-far no strong evidence for neutrino emission from AGN has been observed. The IceCube results presented in [17] are based on four years of IceCube data. A stacking analysis is performed on astrophysical objects for which a strong neutrino emission is expected through the photo-hadronic (pγ) neutrino production channel. The main feature of the selected objects is that they are very bright objects in the sky, with emission at high energies in the electromagnetic spectrum. Different types of astrophysical objects are investigated in this paper such as Local Starburst Galaxies, SNRs associated with molecular clouds, and AGN. In this search, no evidence for high-energy neutrino emission was obtained. A separate analysis has been developed in [18] , which is based on a Blazar population emitting over a broad range of the electromagnetic spectrum. Two different situations have been considered in that analysis, the first search considered neutrino emission during Blazar flares at random positions in the sky, and a second search has been performed looking for coincidences with γ-rays detected by Fermi-LAT [38] . Again no significant neutrino emission from these source classes has been observed. Furthermore, the IceCube collaboration has put very stringent upper-limits on the neutrino production in GRBs [39] .
The natural question that arises is, what type of astrophysical objects are emitting the high-energy neutrinos detected by IceCube? Where many searches so-far considered objects which show strong emission at high energies in the electromagnetic spectrum, we propose in this article a source class for which this component is suppressed relative to the low-energy emission. The proposed cause for such a damping of the high-energy electromagnetic emission would be the attenuation due to surrounding gas or dust. Consequently, if a hadronic component is accelerated in the AGN-jet, this component will also be damped by the surrounding dust or gas. It follows that we expect a suppression in the output of UHECRs, where the jet-matter interaction will directly lead to additional high-energy neutrino production. Due to this additional neutrino production, the probability for a neutrino detector like IceCube to detect such a source increases, whereas the UHECR flux at Earth is expected to decrease.
III. NEUTRINO PRODUCTION IN AGN
The neutrino production mechanism in the high-energy jet of an AGN or GRB is expected to be similar in case a hadronic component is accelerated in their high-energy environment [5, 14] . In this situation, the high-energy hadronic component will interact with the ambient photon flux. In case of a pure proton composition accelerated at the source, the largest interaction cross-section is given by the production of the ∆-resonance which gives rise to high-energy neutrinos through pion decay,
It should be noted that the neutron produced in Eq. 1 has a relatively long lifetime, and at PeV energies is able to travel approximately 10 pc, escaping the containment region of protons before it decays into a proton and an electron accompanied by an anti-electron neutrino. Since the proton which originates from the neutron decay is outside of the containment region, it will be able to travel into outer space and might be responsible for the UHECR-flux measured at Earth [6, 13] . The antielectron neutrino produced in the neutron decay has a much lower energy compared to the neutrinos produced by the decay of the π + , and in case of a falling proton injection spectrum this component contributes negligibly to the overall high-energy neutrino spectrum. Several detailed models have been developed calculating the pγ neutrino emission, where typically 5-20% of the protons interact with the ambient photon flux [40] . In case composite nuclei are accelerated at the source, photodesintegration will take place by the ambient photon flux. As the energy to which a nucleus will be accelerated scales with its charge, the energy per nucleon is lowered by roughly a factor of two and the neutrino spectrum due to the pγ interaction channel is shifted to lower energies.
In addition to the pγ induced neutrino flux we consider in this article a second contribution to the neutrino flux. This is through a jet obscuration by nearby matter, where the jet-matter interaction will lead to meson production which decay produces high-energy neutrinos. This production channel has been investigated using the PYTHIA 6.4 event generator [41] . A proton beam with a falling E −2 energy spectrum between 0.2 PeV and 10 PeV has been simulated to interact head-on with photons of 10 keV energy in 20% of the cases and with stationary protons in the remaining 80% of the cases, thus reflecting a full "beam dump" scenario. The total angle-integrated all flavor spectra are shown in Fig. 1 . It is seen that next to the neutrino production through the pγ interaction channel (black dashed line), we expect a significant increase in neutrino production due to the proton-proton (pp) interaction channel (blue solid line). In addition to an increase of the peak flux, the neutrinos produced in the pp interaction channel extend to lower energies compared to the pγ interaction channel.
It follows that indeed a significant increase in the produced neutrino flux is expected through the jet-matter 5 events were simulated following an E −2 power-law spectrum between 0.2 PeV and 10 PeV. Of the generated events, 20000 (20%) were forced to interact through the pγ interaction channel, and 80000 (80%) were forced to interact through the pp interaction channel.
interaction in case the high-energy AGN jet is obscured by nearby dust or gas. The assumption that 20% of the protons take part in pγ interactions in the jet is generally believed to be an upper limit, where different proton energy loss processes such as synchrotron emission are neglected for the moment [40] . Furthermore, it should be noted that secondary baryons produced in the pγ and pp interactions will also interact with the surrounding dust. Including these processes in the spectrum calculation needs a more detailed dust or gas model, which goes beyond the scope of this paper and will be considered in a follow-up study.
The increase of the neutrino flux for these objects will depend strongly on the fraction of protons which interact with the surrounding dust or gas. In addition it should be noted that in first approximation the neutrino production due to the jet-matter interaction and through the pγ interaction are independent. To estimate the fraction of protons interacting in the dust, we discuss in the following section a method to determine the total column density of the obscuring dust or gas. Subsequently in section V, we use the developed method to specify a set of possible obscured flat spectrum radio AGN.
Along with the production of additional high-energy neutrinos during the beam-dump process, in the obscured AGN scenario one also expects additional gamma-rays produced through neutral pion decay. In the unobscured AGN scenario, this process is lead by the counterpart of Eq. 1, pγ → ∆ + → p+π 0 . Nevertheless, as will be shown in the following section, the typical thickness for a dust or gas cloud to have a significant increase in neutrino production through the pp interaction channel equals several proton interaction lengths. At the considered energies, the proton interaction length is of the same order as the gamma-ray interaction length. Consequently, not only the protons will be absorbed by the dust or gas, but also the produced gamma rays. Therefore, even though some gamma rays might escape for deep interacting protons, in general we expect the gamma-ray flux to be highly suppressed for the objects considered in this article.
IV. NEUTRINO PRODUCTION IN OBSCURED FLAT SPECTRUM RADIO AGN
A. Jet-Matter interaction
In this section we discuss the jet-matter interaction in more detail. A method is presented to determine the total amount of dust or gas from X-ray observations of the AGN. This allows us to determine the fraction of the high-energy hadronic component in the jet that will interact with the dust leading to additional neutrino production. A first application of this method will be presented in the following section to specify a set of obscured flat spectrum radio AGN.
The neutrino production due to the jet-matter interaction, (p − N ), scales with the relative amount of protons that will interact with the gas or dust,
where X tot is the total column depth of the dust in which the jet-matter interaction occurs, N denotes the dust constituent, and λ p−N is the proton interaction depth defined by the integrated density over the path length for which the number of protons drops with a factor e −1 . If X tot = 4λ p−N , roughly 98% of the protons interact, which gives rise to an effective beam dump process. The total column depth of the dust, X tot , can be obtained through the X-ray attenuation. This is obtained by determining the X-ray intensity as measured at Earth, I obs X , relative to a base value I 0 X in case there is no dust obscuration,
The determination of the base value, I 0 X , will be treated in the following section. Furthermore, we need to determine the X-ray attenuation depth in the dust, λ X , as well as the proton interaction depth, λ p−N .
Since at the energies in which we are interested no accelerator data is available for proton-matter collisions, we base ourselves on the proton-air interaction depth determined by the Pierre Auger collaboration [42] . This measurement gives a proton-air interaction depth of λ p−air = 56 g cm −2 for a mean proton energy of E = 10 18.24 eV. In view of the availability of measurements, we consider in this article an X-ray energy of 1.24 keV. To determine the X-ray attenuation depth, we use data from the XCOM photon cross-section database [43] . In principle the X-ray energy observed at Earth will be different from the one at the source because of cosmological redshift effects. However, as will be shown in the following section, we will limit our sample to low redshifts (z < 0.17) so that this effect will be small and can therefore be ignored. For 1.24 keV X-rays the main attenuation process in neutral dust is due to photo-electric absorption. However, in case of dust being illuminated by the high luminosity AGN-jet, the dust will be ionized and consequently heated through the Compton scattering process. Hence, for highly ionized dust the main attenuation will be due to Compton scattering, which occurs with a much smaller cross-section compared to photo-electric absorption. Therefore, to determine the X-ray attenuation depth, we need to consider the amount of ionization for a dust cloud located at a distance r from the AGN core [44] . This can be estimated by the ionization parameter U X for an ionizing X-ray continuum. Typical values for this parameter range between U X = 10 −3 for a partly ionized dust cloud, up to U X > 0.1 when the cloud is highly ionized. The ionization parameter is defined by [45] ,
where E 1 and E 2 denote the energy limits of the ionizing continuum for the dust constituent, N , with nucleon number density n N . The speed of light, c, is introduced to make U dimensionless, and L E denotes the monochromatic luminosity per unit of energy. The U parameter can be interpreted as the total number of ionizing photons per time unit which illuminates the dust or gas, divided by the gas particle number density, which gives an indication for the level of recombination. As an example, we consider the U parameter as obtained from Quasar broad-line clouds [45] . In this situation it can be shown that the number of ionized hydrogen atoms compared to neutral hydrogen scales like,
The exact dust or gas composition close to an AGN is unknown, but likely contains elements ranging from Hydrogen to Iron giving energy limits equal to E 1 ≈ 0.1 keV, E 2 ≈ 10 keV. Ignoring the weak energy dependence of L E in this region, we can use Eq. 4 to determine the distance r between the AGN-core and the dust for which the dust will be highly ionized (U X > 0.1),
The nucleon number density can be linked to the thickness of the dust cloud d and the total column density X tot by,
where N av is Avogadro's constant and < A mol > the average molecular weight. Using the given relations, we show in Fig. 2 the main X-ray attenuation process given the distance r between the AGN-core and the dust and the thickness of the dust cloud d. To illustrate the effect, in Fig. 2 we consider a gas composition equal to that found in our atmosphere. Taking an atmospheric dust composition gives a convenient average over the expected dust or gas constituents ranging from Hydrogen to Iron in the environment of an AGN. Furthermore, for an atmospheric dust composition the proton interaction depth is known from the proton-air interaction depth determined by the Pierre Auger collaboration [42] . To produce Fig. 2 we need the X-ray attenuation at 1.24 keV for both Compton scattering as well as the photo-electric absorption. These values are obtained from XCOM [43] , and given by, λ Compton X = 65 g cm −2 , and λ
. The non-shaded region is given by the condition that the largest distance between the dust and the AGN can not be smaller than the thickness of the dust cloud itself, r < d. The (dashed) blue line indicates the distance at which a dust column equal to X tot = 150 g cm −2 , which would give rise to an X-ray attenuation of 90% due to Compton scattering, becomes highly ionized (U x > 0.1). The (full) red line indicates the distance at which a dust column equal to X tot = 1.2 · 10 −3 g cm −2 , which would give rise to an X-ray attenuation of 90% due to the photo-electric absorption, becomes highly ionized.
Due to the high magnetic field in AGN environments (O(10 4 Gauss)), cosmic-ray acceleration to ultra-high energies E > 10 18 eV, can take place at (sub-)parsec scales [32, 37] . From Fig. 2 it follows that for clouds close to a source the attenuation has to be due to Compton scattering. Such nearby, parsec scale, dust configurations have been considered in several studies [24] . For a similar attenuation due to photoelectric absorption, a very thin, (sub)-parsec scale, dust or gas cloud located at kpc to Mpc distances would be needed, which implies an unlikely situation. Therefore, in this article we consider X-ray attenuation due to highly ionized parsec scale dust or gas clouds and in the following we use for the X-ray attenuation depth, λ X = λ Compton X . Since the dust is expected to be fully ionized on parsec scales, one concern might be the stability of the dust configuration. Next to Compton heating, the dust might also be swept up by the relativistic jet or travel perpendicular to our line of sight, leaving the jet after a short time span. For example, dust clouds in Keplerian motion have been observed leading to strong X-ray variability on short time scales [25] . Besides short lived configurations, in [24] also more stable dust configurations over longer time scales are discussed. One interesting observation is that several studies have been performed to search for , leading to a 90% X-ray attenuation due to the Compton scattering process, would be highly ionized. The (full) red line indicates where a dust column equal to Xtot = 1.2 · 10 −3 g cm −2 , corresponding to a 90% X-ray attenuation due to the photo-electric absorption, would be highly ionized.
neutrino emission during flaring states where the X-ray or gamma-ray emission is strong, where in our model we expect the neutrino emission to be strongest during periods where the emission is weak in case the observed X-ray or gamma-ray attenuation is due to dust.
So-far we considered a dust composition equal to the elements found in our atmosphere. The actual dust composition close to an AGN is badly known, but is expected to differ from the elements found in our atmosphere [46] . It follows that we induce an uncertainty for both the Xray attenuation as well as the proton interaction depth. To estimate the importance of this uncertainty, both quantities are determined considering different types of dust within the range between a pure Hydrogen and a pure Iron dust composition. Along with Hydrogen and Iron and the main atmospheric constituents Nitrogen and Oxygen, we also consider Silicon and Carbon which have been observed during infrared studies of AGN dust [46] . The X-ray attenuation depths due to Compton scattering are obtained from the XCOM photon cross-section database. The proton-matter interaction depth is only known for air, but can be estimated for the different dust constituents. The proton interaction depth is linked to the proton-dust cross-section by, λ p−N = (ρ N σ p−N ) −1 , where the amount of particles per unit mass is given by, ρ N [g −1 ], hence ρ N ∝ A −1 , where A equals the average atomic mass number of the dust constituents. The proton-matter cross-section scales with the size of the nucleus given by σ p−N ∝ A 2/3 . It follows that the proton interaction depth can be estimated to scale with The proton interaction depth λp−N and the X-ray attenuation depth λX for different dust compositions. The ratio between the proton interaction depth and the X-ray attenuation depth is also given.
atomic mass number as λ p−N = C(g cm −2 )A 1/3 . The scaling factor C will be based on the proton-air interaction length obtained by the Pierre Auger collaboration and is found to be C = 23 g cm −2 . In Table I , the obtained values are shown. Also the ratio between the proton interaction depth and the X-ray attenuation depth is given. Taking an Nitrogen-Oxygen mixture as found for our atmosphere gives a ratio between the proton interaction depth and the X-ray attenuation depth due to Compton scattering in the range between (λ p−air /λ X ) = 0.7 − 0.9. The largest difference in ratio is with dust consisting out of pure Hydrogen, (λ p−H /λ X ) = 1.6 and the spread in values is small.
V. OBSCURED FLAT SPECTRUM RADIO AGN CANDIDATE SELECTION
In this section we specify a set of nearby obscured flat spectrum radio AGN. Under the assumption that the X-ray attenuation found for these objects is due to dust obscuration we investigate the additional highenergy neutrino production which is expected through the jet-matter interaction. The starting point of this investigation is based on two different galaxy catalogs, the Nijmegen catalog [30] , and the Fermi-2LAC catalog [31] . First a red-shift selection is applied to assure an unbiased set of objects as outlined hereafter. Subsequently, a selection on the radio spectral index will be made to select a sample of flat spectrum radio AGN. In the following, as a first application of the method derived in the previous section, we select a set of objects based on their relative X-ray obscuration for which we determine the proton fraction which is expected to interact with the dust or gas surrounding the AGN. All data used in this section are retrieved from the NASA/IPAC Extragalactic Database (NED) [47] .
A. The Catalogs
The starting point of this analysis is based on two source catalogs. The first catalog, the Nijmegen catalog [30] , contains 575 radio-galaxies and covers 88% of the sky. The radio sources in this catalog have been separated into four different categories: Starforming Galaxies, Jets and Lobes, Unresolved Point Sources, and Unknown Morphology. The radio-flux measurements used to construct this catalog were taken from The NRAO VLA Sky Survey (NVSS) [48] observing at 1.4 GHz, and The Sydney University Molonglo Sky Survey (SUMSS) [49] observing at 843 MHz. NVSS covers the Northern sky above a declination of −40
• , while, SUMSS covers the Southern sky below a declination of −30
• . Both catalogs neglect galaxies within a galactic latitude of |b| < 10
• . The galaxy population was constructed to contain a volume-limited sample of strong radio sources which could be responsible for the UHECRs measured at Earth. The objects in this survey are located within several hundreds of Mpc, which means they are inside the close universe z < 0.1. Furthermore, an initial selection on the radio flux at 1.4 GHz (> 231 mJy) and 843 MHz (> 289 mJy) was made.
For the analysis presented in this paper we focus on the Starforming-Galaxy and Unresolved Point Source categories. The Jets and Lobes category, as well as the Unknown Morphology category by definition indicate objects of which the jet does not point in our direction, and are therefore excluded. An example is shown in Fig. 3(a) which shows an object from the unresolved point-source category. The circular radio-morphology indicates a possible jet pointing toward us. In Fig. 3(b) we observe one of the objects in the jets and lobes category, which has a clear non-circular radio morphology indicating a jet not pointing toward us.
The second source sample is based on The Second Catalog of Active Galactic Nuclei Detected by the Fermi Large Area Telescope (2LAC) [31] , which is formed by 1017 γ-ray sources. The 2LAC catalog is divided in the following categories: Active Galactic Nuclei, Active Galaxies of Uncertain type, BL Lacertae objects, Flat-Spectrum Radio Quasars, Radio Galaxies, Steep-Spectrum Radio Quasars, Starburst Galaxies and Unidentified sources. The 2LAC sample includes objects with a galactic latitude |b| > 10
• , and with a redshift z < 3.1. From the 2LAC sample only objects with redshift information in NED were selected.
B. Composing an unbiased set of objects
After cross-correlating the objects in both catalogs, an initial sample of 735 unique galaxies remains. The main goal of our selection is to specify a set of potentially obscured flat spectrum radio AGN. We will specify these objects based on the relative X-ray attenuation with respect to the emission at lower (radio) frequencies. To assure that the X-ray attenuation is due to a possible dust component and not due to attenuation by the intergalactic medium, redshift effects, or a possible selection effect, we determine in this section the red-shift for which an unbiased set of objects is detected in the X-ray (a)The radio morphology of NGC 0262. A clear circular morphology is visible indicating that a possible jet is pointing toward us. This object falls into the Unresolved Point Source category of the Nijmegen catalog [30] .
(b)The radio morphology of B2 0647+28. A clear jet structure is visible, indicating a non-Blazar object. This object falls into the Jets and Lobes category of the Nijmegen catalog [30] .
FIG. 3:
The radio morphology for NGC 0262 and B2 0647+24. Data is obtained from NVSS [48] . Plots taken from [30] .
band. This selection will be performed for the objects in the 2LAC catalog, which contains objects with a redshift z < 3.1, whereas the Nijmegen catalog is already limited to the close universe z < 0.1.
In case of a uniform source density and a generic luminosity we expect the number of sources with a measured flux F m above a threshold value F 0 , to scale like, determine the redshift for which an unbiased set of objects is expected, we plot the redshift distribution of the sources with a measured flux larger than log 10 (F m /Jy) ≥ −5.5 in Fig. 5 . To assure an unbiased set of objects, in the following we select all objects (without imposing any condition on their flux) with a redshift smaller than the median of this distribution (z < 0.17), after which 209 objects remain.
C. Flat spectrum radio AGN selection
A Blazar is defined as an AGN with its relativistic jet pointing toward us. For such an object typically strong, variable, emission up to high frequencies is expected. Nevertheless, in case the central engine is blocked by surrounding matter, the high-energy electromagnetic emission will be suppressed. Therefore, we base our selection on the observed radio spectrum. A typical signature for an AGN with its jet pointing toward us is the relativistic boosting of the synchrotron emission to high frequencies. Experimentally this is probed by the radio spectral index, α R , at frequencies of a few GHz, for which the measured flux is expected to follow a power law given by F ν = Cν α R Jy [32] . Objects with a frequency spectral index α R > −0.5, are typically classified as Flat Spectrum Radio Quasars, or BL Lac objects [32] .
After applying the redshift selection we remain with 209 objects. For these objects we apply a flux-fit within the frequency range ν = 0.843 − 5 GHz on the available data found in NED [47] . The typical uncertainty on the obtained data points lies between 1-20%. Therefore, in case no information about the uncertainty of the measurement is given by NED, a rather conservative value of 20% is assumed. Since in general a high-power AGN is expected to have variable emission over different time scales, the obtained fit might be affected by data taken at different periods in time. To obtain consistent results, we perform an initial fit after which we iteratively exclude data points which deviate more than 4σ from the fit, and we re-fit the remaining data. Fig. 6 shows two examples of the fit performance, where ARP 220 is accepted, and NGC 7674 fails to pass the radio spectral index selection. After the removal of objects with a lack of data, we select sources with a radio spectral index α R + σ α R > −0.5. A distribution of the obtained spectral indices is shown in Fig. 7 . It follows that a large number of galaxies fail to pass our selection, and hence are excluded from our analysis. After this selection, we end up with a set of 98 nearby sources which can be classified as flat spectrum radio AGN.
D. Source classes
In case of AGN obscuration by surrounding dust or gas, emission at low (radio) frequencies is expected to be unattenuated, whereas emission at higher frequencies in the X-ray and γ-ray bands will be attenuated. Therefore, to determine the amount of obscuring matter, we will focus on the measured X-ray luminosity relative to the radio luminosity. This will be done considering the monochromatic luminosity at 1.4 GHz for the radio band and at 3.02×10
17 Hz corresponding to the 1.24 keV X-ray band. To X-ray measurements for which no error is given in [47] an error of 17% is attributed, equal to the average error found in the 1.24 keV X-ray band. These bands have been selected on basis of the abundance of mea- surements at these frequencies. Nevertheless, for most objects in the Southern sky there are no measurements at ν = 1.4 GHz since the data for these objects are obtained from the SUMSS survey which operates at ν = 843 MHz. For these objects, the flux value at ν = 1.4 GHz is obtained from the radio-flux fit presented previously. After removal of objects with a lack of data at 1.24 keV, a sample of 62 flat spectrum radio AGN remains, of which 49 are located in the Northern sky and 13 are located in the Southern sky. The 62 remaining flat spectrum radio AGN can be sub-divided in roughly three categories: Flat Spectrum Radio Quasars (FSRQs) (14 objects), Ultra Luminous Infrared Galaxies (ULIRGs) (3 objects), and BLLac objects (45 objects). These objects are given in Appendix A.
FIG. 8:
The observed radio luminosity as function of the observed X-ray luminosity for the FSRQ and ULIRG objects. The full (red) line gives the fit to this distribution with slope value β = 0.73 ± 0.04
The observed radio luminosity as function of the observed X-ray luminosity for the BLLac objects. No clear correlation between the radio luminosity and the X-ray luminosity is present.
Most of the objects remaining from the Nijmegen catalog can be classified as Flat Spectrum Radio Quasars. The SED of these objects is determined by a typical twobump structure, where the first bump is given by synchrotron emission from the high-energy AGN-jet. The second bump is shifted to higher frequencies. The emission in the X-ray band for this source class is linked to the emission from the hotter parts of the accretion disc. For this source class a clear relation between the radio luminosity L R and the X-ray luminosity L X is given by a power law relation L R = L β X , with the power β ranging between β = 0.6−0.7 [50, 51] . In Fig. 8 , we plot the radio luminosity against the X-ray luminosity for the FSRQ as well as the ULIRG objects in our selection. From the power law fit we obtain β = 0.73 ± 0.04, which clearly reflects the expected behavior. Since we are searching for X-ray attenuation due to surrounding matter, we have to correct for this relation and in the following we will consider the intensity ratio I F −U = L 0.73 X /L R for these object classes. One special object is 3C273, which is very bright in both radio as well as X-ray. There are strong indications that the X-ray emission for this object is dominated by the jet and not due to the accretion disc [52] . It follows that the radio luminosity correction should not be made for this object. Due to its very bright X-ray emission, the object is by definition not of interest for our selection and will therefore not be considered.
The ULIRG objects are very interesting on their own. Next to the standard two-bump spectrum, these objects have a very bright emission in the infrared-UV range of the spectrum. These objects (ARP 220, NGC 3628, NGC 3690), with ARP 220 as the most prominent ULIRG, are interacting galaxies for which a large amount of dust is observed, indicated by the very bright infrared-UV emission. Besides the infrared-UV peak, the radio emission as well as the emission in the X-ray and gamma-ray bands for our selected objects show similar behavior as found for the FSRQ objects. NGC 3628 is a well known object, which has been studied in detail. The X-ray measurements given in [47] for this object are within errors compatible with background, which makes the data not suitable for our analysis. It should be noted however, that since the X-ray measurements for this object are compatible with background a very strong dust component is expected to block the high-energy emission which makes this object very interesting to study on its own. The ULIRG object class, and especially ARP 220, is still under detailed investigation [53, 54] , where indications have been found that an AGN is present in, at least some of these objects [54] . Even though it is not determined whether or not there is an AGN located inside ARP 220 and NGC 3690, we decided to keep them in our selection based on the fact that strong (flat spectrum) radio emission has been observed which is most likely due to synchrotron emission. Hence particle acceleration takes place at these sources. This in combination with the very strong dust component, makes them very interesting candidates for high-energy neutrino production through the proton-matter interaction channel.
BLLac objects are distinguished from FSRQs by a featureless flat to rising spectrum up to very high frequencies. The emission from these objects is believed to be jet-dominated, for which the relation L R = L β X is less clear [50, 51] . This is also observed in Fig. 9 , where we plot the radio luminosity L R as a function of the X-ray luminosity L X for the remaining BLLac objects. Even though in [50] a correction factor linked to the relativistic boosting is given, from Fig. 9 no clear correlation between the radio and X-ray emission is observed. Therefore, contrary to the FSRQ and ULIRG objects, in the following we will base our selection on the X-ray emission without correcting relative to the radio luminosity for BLLac objects. The amount of protons interacting with the dust or gas will depend on the total column density X tot . In section IV a method was developed to determine this column density based on the observed X-ray intensity I obs X relative to a base value I 0 X for non-obscured AGN. Furthermore, it was shown that the X-ray attenuation for surrounding matter on (sub-)parsec scales will be due to Compton scattering for which the attenuation length λ Compton X is given in Table I for different dust constituents.
This leaves us with determining a base value I 0 X . In the determination of this base value we separate our sample, based on the relation between the radio luminosity and the X-ray luminosity as discussed above. Hence, we consider FSRQs and ULIRGs on one side and BLLac objects on the other side. For the first category we consider the corrected intensity ratio,
X /L R , where for the BLLac objects we simply consider the X-ray luminosity I B = L X .
To investigate the possibility of additional neutrino production we assume that the observed spread in (relative) X-ray intensity is fully attributed to surrounding dust. Under this assumption, the base value for I 0 is now determined by the 25% strongest X-ray objects which are considered to be unobscured. The obtained base values are given by the intensity ratio I 0 F −U = 2.3 · 10 −11 indicated by the dashed (green) line in Fig. 10 for the FSRQ and ULIRG sample, and the intensity I 0 B = 9.7 · 10 19 indicated by the dashed (green) line in Fig. 11 for the BLLac sample.
Having defined our base value I 0 X we are able to calculate the fraction of protons which is expected to interact with the dust or gas from the measured X-ray intensity I obs X . Following the derivation in section IV, and combining Eq. 2 and Eq. 3 we find,
In Table II , we show the fraction of protons which is expected to interact for the 25% weakest X-ray objects (located below the full lines in Fig. 10 and Fig. 11 ) for the different source categories. This fraction is given for different dust constituents following the estimated protondust interaction depth given in Table I . We observe that in case the observed X-ray attenuation is fully due to surrounding dust, we indeed expect to have a strong increase in neutrino production from these objects, which makes them very interesting to investigate as possible cosmic neutrino sources.
VI. SUMMARY
In this article we discuss a new sub-class of possible high-energy neutrino sources. This sub-class is composed of AGN with their high-energy jet pointing toward Earth, which is obscured by dust or gas surrounding the central engine. We refer to these objects as obscured flat spectrum radio AGN. In case a hadronic component is accelerated inside the high-energy AGN-jet, the jet-matter interaction will lead to additional neutrino production. We argue that this production channel is independent of the photo-hadronic neutrino production given by a hadronic component in the high-energy jet interacting with the ambient photon flux. Furthermore, it is shown that in a full beam-dump scenario which occurs for surrounding matter with a column density equal to several proton interaction depths, the neutrino production increases up to an order of magnitude.
One specific property of this sub-class is that the neutrino emission mainly occurs through the jet-matter The fraction of protons which is expected to interact for the 25% weakest X-ray objects (indicated by the full (red) lines in Fig. 10 and Fig. 11 ) for the different source categories. This fraction is given for different dust constituents following the estimated proton-dust interaction depth given in Table I .
interaction. It follows that due to the damping of the hadronic component in the jet, we expect an anticorrelation between the cosmic neutrinos and ultra-highenergy cosmic rays detected at Earth. Next to the hadronic component, also the high-energy X-ray and gamma-ray emission is expected to be attenuated for this source class.
A method has been constructed to select possible obscured flat spectrum radio AGN by determining the column density of the surrounding matter. The method is based on the attenuation of emission at small wavelengths in the X-ray band, where emission at long wavelengths in the radio band is expected to pass through the dust or gas unattenuated.
As a first application of the devised method, two different source catalogs are investigated to specify a set of possible obscured flat spectrum radio AGN. The first catalog, the Nijmegen-catalog, contains a volume limited sample of strong radio galaxies. The second catalog that is investigated is the Fermi-2LAC catalog. Starting point of the selection procedure is a red-shift cut to assure an unbiased set of objects. Subsequently, the radio spectral index of the remaining objects was determined to assure the high-energy AGN jet was pointing toward us. After these initial cuts three different source classes can be identified, Flat Spectrum Radio Quasars (FSRQs), Ultra Luminous Infra-Red Galaxies (ULIRGs) on one side and BLLac objects on the other side. Our sample was split between the FSRQ and ULIRG objects, and the BLLac objects based on their different relation between radio luminosity and X-ray luminosity.
Finally, we investigate the possibility for these objects to have an increased neutrino production. Under the assumption that the observed X-ray attenuation is due to surrounding dust or gas, we find that for the 25% weakest X-ray sources, 50-100% of the surviving hadrons in the jet are expected to interact with the surrounding dust or gas. This would give rise to a significant increase in neutrino production, which makes these objects very interesting to investigate as possible sources for the detected highenergy cosmic neutrino flux. 
